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ABSTRACT Apart from ceramics, polymers, and composites, metallic materials rank distinguished in the field of bioma-
terials. Recently, titanium based materials are attracting much interest as implantable materials because of 

their superior corrosion resistance, superior mechanical properties such as remarkably high specific strength, low elastic 
modulus, and the greatest biocompatibility compared to other competing biomaterials like stainless steel, Co-Cr alloys 
and nitinol alloys. Implantable Ti based materials must have high corrosion resistance to withstand the degradation which 
results from the reactions with the hostile body environment and does not result in adverse biological troubles in the body. 
At the same time, Ti materials must be stable and retain their properties for a long time reliably. This review discusses the 
important of Ti based materials as biomaterials from the point of view of corrosion science. The present article discusses 
various issues associated with biological corrosion of various categories of Ti materials which can be of use in different areas 
of clinical applications. The importance of creation of stable, compact and continuous oxide layers on the surface of Ti ma-
terials has been strongly effective to combat corrosion in aggressive body fluid. In this review, extensive efforts have been 
made to accumulate the effect of thermal and thermomechanical processing on corrosion resistance of biomedical titanium 
alloys. This paper concentrates its interest mainly on the evolution, evaluation and development of effective microstructural 
features that can improve corrosion properties of bio grade titanium materials via using thermal and thermomechanical 
treatments. 

INTRODUCTION 
The application of biomaterials in the ancient times has been 
practiced more as an art and entirely lacked in terms of sci-
entific knowledge until advanced attempts from research-
ers and scientist were made recently to develop this field of 
engineering medical sciences. Of late, the research on bio-
materials has gathered significant interest as these materials 
are extensively used to fix and replace decayed or damaged 
parts of the human systems such as heart valves, bones, joints 
and teeth, etc. The research on biomaterials initially started 
by testing of these materials on animals and their acceptabil-
ity on the human body system were indirectly established. 
Biomaterials have been defined as any substance (other than 
a drug) or combination of substances, synthetic or natural in 
origin, which can be used for any period of time, as a whole 
or as a part of a system which treats, augments, or replaces 
any tissue, organ, or function of the body [1]. Nowadays, the 
mainly familiar kinds of materials used in biomedical applica-
tions are Metals, Ceramics, Polymers, and Composites. It is 
well known that prosthetic devices and components need to 
fulfil several imperative requirements so that they are suc-
cessful in service over a long-term usage in the body with-
out rejection and minimal failure. Titanium has been com-
mercially offered during last more than 60 years and since 
then several titanium based materials have been developed 
as a surgical material until 1960. However, mid 1970s, has 
witnessed path-breaking developments in the advancements 
on Ti based biomaterials have been increasing gradually [2-
4].Titanium and its alloys , so far, have proved to be the most 
befitting materials for biomedical applications due to their 
particular characteristics such as better mechanical proper-
ties, excellent biocompatibility and superior corrosion be-
haviour [5]. There exists, yet, an inevitable fact that nearly 
all metallic materials electrochemically corrode to some de-
gree when they come in contact with hostile/aggressive fluid 
under certain conditions. Therefore, corrosion in two forms, 
general and localized, is one of the main problems of me-
tallic biomaterials. Consequently, it has become the most 
important parameter when it comes to choosing the materi-
als for surgical implants in hostile solutions which simulate 

the media of the human body. Degradation of material and 
released ions are the most common consequence of reac-
tion between body fluids and implant which result in several 
problems including inflammation, formation of foreign body 
giant cells [6], and may cause loosening of implant from the 
bone [7] due to osteolysis [8]. The health facts of such na-
ture have been widely reported in the literature [9-10]. The 
researchers reported that release of metal ions adversely ef-
fects the healing of bone and the surrounding tissues. In ad-
dition, corrosion of the implant itself is bound to affect the 
essential properties of the implant such as fatigue life and 
tensile strength leading to the poor mechanical compatibility 
and eventually may result in inevitable failure of the implants 
[11]. Hence, controlling and protection of an implant material 
from corrosion are basic and indispensable demands. Ther-
mal and thermo-mechanical treatment (TMT) are paramount 
techniques that can achieve and control the desired micro-
structure by altering the transformation mechanisms of size, 
volume fraction, arrangement, and shape of the two main 
phases α and β that describe the microstructure, and other 
phases present in Ti alloys. It is well known that the material’s 
microstructure has a great effect on the corrosion character-
istics of biomedical Ti based materials. It is, therefore, very 
important to know the kinetics of parameters affecting the 
phase transformations during different heat treatments and 
thermo-mechanical regimes, which would allow optimization 
of processing parameters (temperature, time, cooling rate, 
and plastic deformation parameters) in order to provide opti-
mum corrosion behavior by desired microstructure.

Taking cues from the essence of corrosion behaviour of bio-
medical alloys extensive research is being done to understand 
foremost forms of corrosion and their influence that titanium 
materials commonly experience and their implications on bio-
logical functions. The importance of the subject, increasing 
research interest and huge unexplored potential is the driving 
force behind this literature review. The present review study 
has been done with a view to provide the researchers in the 
field to have a bird’s eye view on the hotspots on research in 
the corrosion behaviour of biomedical grade Ti alloys.



INDIAN JOURNAL OF APPLIED RESEARCH  X 207 

Volume : 3 | Issue : 9  | Sept 2013 | ISSN - 2249-555XRESEARCH PAPER

OVERVIEW OF BIOIMPLANT TITANIUM BASED MATERI-
ALS SYSTEMS
Ti based structural materials may be classified as Alpha (α), 
near-α, Alpha-Beta (α-β), metastable β and stable β depend-
ing on the microstructure at room temperature. In this re-
gard, alloying elements for Ti fall into three categories: (1) 
α-stabilizers, such as Al, O, N, C; (2) β-stabilizers, such as V, 
Nb, Ta, Mo (isomorphous), Fe, W, Cr, Ni, Si, Co, Mn, H (eutec-
toid); (3) neutrals, such as Zr and Sn [12]. The α and near-α Ti 
alloys exhibit superior corrosion resistance but have limited 
low temperature strength. In contrast, α + β alloys exhibit 
higher strength due to the presence of both α and β phases. 
The β alloys also offer the unique characteristics of low elastic 
modulus and superior corrosion resistance [13-14]. Among 
diverse titanium materials, earlier systems of Ti in medical, 
surgical and dental devices were based on commercially pure 
Ti (cpTi) and most popularly used Ti-6Al-4V alloy. These two 
Ti based materials account for the major market share for bi-
omedical applications and has become standard biomedical 
materials. Due to the fact that releasing small amounts of V 
and Al in the human body induces possible cytotoxic effects 
and neurological disorders, respectively [15-18] led to the 
development of Ti-6Al-7Nb [16], Ti-Zr based and Ti-Sn based 
alloys [19] with mechanical properties comparable to those of 
high strength alloy Ti6Al4V and better corrosion resistance. 

The β stabilizers are considered as superior biocompatible 
elements since they induce many attractive properties like 
low elastic modulus, a design of Ti alloys with Nb, Zr, Mo, Ta 
etc. consequently these alloys have gained great attention in 
recent years. Hence, corrosion properties of non-toxic β-type 
Ti alloyed systems have been developed recently such as: 
Ti-Nb system, Ti-Nb-Zr system, Ti-Nb-Sn system, Ti-Nb-Zr-Sn 
system, Ti-Nb-Ta-Zr system, Ti-Nb-Zr-Ta system, Ti-Zr-Ta-Nb 
system, Ti-Mo system, Ti-Mo-Zr system, Ti-Mo-Nb, Ti-Mo-
Nb-Zr-Sn system, Ti-Cr-Nb system alloys [20-34] and several 
other systems are still evolving. For instance, several stud-
ies have shown that titanium alloyed with molybdenum pos-
sesses better electrochemical behavior than pure titanium 
[35–38]. In particular, Oliviera and Guastaldi [35] have inves-
tigated Ti–Mo alloys with different Mo content and found 
that alloy with 15 wt% Mo has better corrosion behavior in 
chloride environment compared to other Mo concentrations. 
Also, a study on new titanium-based alloys including Ti-10Cr-
20Nb, Ti-20Cr-10Nb and Ti-20Cr-20Nb was conducted to 
develop adequate microstructure and properties for bio-
medical applications. The results reported an excellence cor-
rosion resistance and very similar and high pitting potential 
values were achieved as a result of a very good stability of the 
passive oxide film [34].

CORROSION IN METALLIC BIO-IMPLANTS
Corrosion is one of the main processes that cause gradual 
degradation of metals by electrochemical reactions when a 
metallic bio-implant is placed in the hostile aqueous medium 
comprising of human body fluids. It is pertinent to mention 
here that in order to mitigate the effects of corrosion and 
related problems a comprehensive and most up-to-date 
understanding of the important principles governing corro-
sion behaviour of implantable materials is highly essential. 
When the foreign material is implanted in the human body 
it encounters hostile corrosive environment comprising of 
various body media such as blood, water, sodium, chlorine, 
proteins, plasma, amino acids and mucin in saliva [39]. Gen-
erally, the electrochemical reactions that occur on the sur-
face of the implants are akin to reaction in seawater. The 
human body fluid consists of diverse constituents such as 
anions (chloride, phosphate, and bicarbonate ions), cations 
(Na+, K+, Ca2+, Mg2+ etc.), organic substances with two types: 
low-molecular-weight species in addition to those with rela-
tively high molecular-weight, and dissolved oxygen [40, 41]. 
Researchers have investigated the corrosion behavior of Ti 
and its alloys using certain types of biological media [42-44]. 
Corrosion studies on orthopaedic biomaterials have been 
frequently carried out in Hank’s solution, Ringer’s solution, 

and artificial saliva. 

The makeup of the body solution is highly transient with time 
and more importantly with variations in the dietary intake. 
This causes fluctuation in the prevalent equilibrium condi-
tions due to variation in the cation and anion reactions con-
sequently making the corrosion behaviour of the implants in 
human body solutions highly complex. The equilibrium con-
ditions get destroyed across the surface double layer which 
is created by the electrons on the surface. Additionally, the 
amount of excess cations present in the solution via proteins 
carries the metal ions away from the implant surface. Moreo-
ver, absorbed proteins on the surface can decrease the dif-
fusion of oxygen at specific areas and cause favoured corro-
sion in those areas. It has been found that bacteria present 
in the body fluid may absorb the hydrogen produced due 
to cathodic reactions in the surrounding area of the implant. 
The hydrogen, since it plays a positive role as an inhibitor 
element, depletes from these regions and in turn affects the 
corrosion behaviour in terms of enhanced corrosion factor. 
It is noticed that the pH values of human body environment 
change from the normal value at 7.0 to more at 9.0 or less at 
3.0 owing to numerous reasons that induce imponderables 
in the entire biological system such as diseases, infections, 
accidents and others. Currently, it is well known from medical 
studies that corrosion in implants is an inevitable process in 
spite of protective films on its surface. Even though advanced 
efforts are constantly introduced to develop the improved 
implant materials, clinical evidences reveal that these new 
materials are also susceptible to corrosion to a particular 
level [47]. Also, corrosion is responsible for the release of 
metal ions from the implants which in turn cause discolora-
tion of adjacent soft tissues and allergic problems. However, 
corrosion rate of metallic implant systems must not exceed 
the acceptable rate which is about 0.00025 mm/yr, or 0.01 
mils/yr [48]. The two physical features that determine cor-
rosion mechanisms in implants are thermodynamic forces 
which correspond to the energy required or released during 
oxidation or reduction reactions and the kinetic barriers such 
as surface oxide film which physically impede corrosion reac-
tions [49-50]. The corrosion of implants is closely related to 
other resultant processes such as wear and fretting leading 
to tribo-corrosion and the implant in this case will not fail 
immediately due to corrosion. Wear and fretting processes 
contribute a lot to the damage of protective surface oxide 
films, creation of cracks and split of reactive metal atoms on 
the surface that are prone to corrosion [51]. For an enhancing 
corrosion resistance, it is necessarily that the surface passive 
film must be non-porous, its atomic structure is averse to mi-
gration of ions and electrons across the metal oxide-solution 
interface. To fulfil the biomedical engineering requirements, 
the corrosion behaviour of the implants, depending on their 
application, should be tested under different possible condi-
tions such as wear, fretting, fatigue, stress corrosion etc. The 
ASTM standards are available to evaluate and test corrosion 
resistance of implant materials under different conditions. 
The frequently used standards for testing various corrosion 
processes are given in Table 1.

Table 1. Standards for Testing Corrosion Resistance of Bio-
materials [52]

ASTM Standards Specifications

ASTM G 61-86,and 
ASTM G 5-94

Corrosion performance of metallic 
biomaterials

ASTM G71-81 Galvanic corrosion in electrolytes

ASTM F746-87 Pitting or crevice corrosion of metallic 
surgical implant materials

ASTM F2129-01 Cyclic potentiodynamic polarization 
measurements

INFLUENCE OF CORROSION ON BIOCOMPATIBILITY
Biocompatibility is the most important prerequisite for any 
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biomaterial since it ultimately affects the performance of im-
plant device. In general, the term “biocompatibility” is de-
fined as simply as the ability of a material to be accepted 
by the human body. In other words, biocompatibility is the 
state of mutual coexistence between the biomaterials and 
the biological environment such that neither has an unde-
sirable effect on the other. Because all materials generate 
a “foreign body reaction” when implanted in the body, the 
degree of biocompatibility is related to the extent of this re-
action. Hence, biocompatibility is directly related to the cor-
rosion behavior of the material and its tendency to release 
potential toxic ions [53]. Alternatively, corrosion weakens 
the implants and in turn results in an early failure and may 
cause tissue reactions which lead to the release of corrosion 
products from the implants. The vivo studies related to the 
implantation of the devices have revealed that the concentra-
tion of various ions is significantly higher close to the tissues. 
Thus, once a foreign material is implanted, the body may re-
act unfavourably in several ways. The factors that determine 
the interactions between the biomaterial and the tissues are 
of prime significance whether these factors have chemical 
and/or mechanical mechanisms. It is clear that any adverse 
host tissue reaction with the implant can lead to an inevita-
ble device failure. The presence of the implant may possibly 
inhibit the defence mechanisms of the human body leading 
to infection, chronic inflammation necessitating the removal 
of the implant [54]. Typically, chronic inflammation and/or 
hypersensitivity are undesirable outcomes from these reac-
tions. Hypersensitivity depends basically on the cell’s contact 
with the metallic ions or salts and it affects to a large extent 
on the life of more than 15% population [55,56]. Also, cor-
rosion products as metal ions may play an important role to 
adversely affect health related problems such as cytotoxicity, 
genotoxicity, carcinogenicity, etc.

EFFECT THE MICROSTRUCTURAL FEATURES ON CORRO-
SION RESISTANCE OF BIO GRADE TITANIUM ALLOYS
Several studies on biological behavior of metallic implants 
revealed that the composition and microstructure features of 
biomaterials must be carefully tailored to contain the adverse 
body reactions. The influence of microstructural features on 
corrosion characteristics of biomedical Ti alloys is extensively 
explained by Dull et al. [57]. They reported that the passive 
corrosion current density increases with ratio of α to β trans-
formation as a result of creation a galvanic cell between two 
phases of (α+β)Ti–6Al–4V alloy due to β and α stabilizers V, 
and Al respectively. The type of microstructure has consider-
able effect on corrosion properties as reported by Raja et 
al. [58]. They revealed that Widmanstatten structure resulted 
from β solution treatment on Ti–6Al–2Sn alloy has high cor-
rosion rate due to variations of composition within the struc-
ture. Geetha et al. [59] studied the corrosion behaviour of 
heat-treated Ti–13Nb–13Zr alloy, and the spontaneous pas-
sivity of solution treated and solution treated plus aged spec-
imens was found irrespective of the cooling conditions. All 
the air-cooled samples exhibited active open circuit polariza-
tion (OCP) and high passive current density as compared to 
the water quenching (WQ) and furnace cooling (FC) samples. 
They established that equiaxed microstructure is preferred 
for biomedical applications, when this microstructure has 
given noble OCP and low passive current density. They also 
showed the effect of aging heat treatment on the formation 
of a stable protective oxide layer in the surface of (α + β) ST/
WQ samples by distribution of the alloying elements in the 
phases developed during the heat treatment. Adding aging 
treatment after solution treatment considerably affects cor-
rosion properties as pointed out by Yu and Scully [60]. They 
studied β ST Ti–15Mo–3Nb–3Al and compared its microstruc-
ture with age hardened condition. They found that β solution 
treated microstructure seems higher corrosion resistance 
than aged alloy because of the partitioning of the alloying 
elements during aging process [61]. Moreover, the research 
on thermal and thermomechanical processing shows that the 
type of cooling media also plays an important role on cor-
rosion behavior . Majumdar et al. [23] performed rolling at 

800oC and 650oC (above and below β transus temperature) 
followed by solution treatment at 800 oC, 700 oC and 650 oC 
for 1 h in dynamic argon atmosphere with various cooling 
media furnace cooling, air cooling, and water quenching. 
They have found that the microstructure of the heat treated 
TZN alloy mainly consisted of elongated/equiaxed α, β or 
martensite. The furnace cooled TZN samples showed lower 
corrosion potential (Ecorr) than the air cooled samples. Also, 
an aging heat treatment after solutioning of water quenched 
samples was found to decrease the Ecorr value. Cremasco 
et al. [20] performed thermomechanical processing on β Ti–
35wt%Nb alloy by solution treating at 1000◦C for 24 h (within 
the β range) followed by hot working at 800◦C, then heat 
treating again at 1000◦C for 1 h and cooling under two dif-
ferent cooling conditions: WQ and FC. Both cooling media 
reported to have provided a passive film formation during 
corrosion tests in 0.9% NaCl. The film formation was ob-
served with very low experimental current densities, and after 
second polarization cycle the corrosion rates were found to 
decrease due to formation of a thicker titanium oxide layer. 
Further, the corrosion tests revealed that the electrochemical 
corrosion resistance of WQ samples were less as compared 
to that of the FC samples due to stress-induced martensi-
tic transformation. Zhoua et al.[29] investigated the effect of 
cold rolling and solution treatment above β transus tempera-
ture on the corrosion resistance of two medical Ti alloys (α+β) 
Ti–10Mo and βTi–20Mo. The results have revealed that both 
of the Ti–Mo alloys cold rolled and solution treated exhibited 
a passive behavior in 5% HCl, which was found to be attrib-
uted to the passive film formation of a mixture of MoO3 and 
TiO2. Further, the cold rolling process did not influence the 
formation of passive films on the Ti–Mo alloys although it 
slightly increases the passive current densities. Both Ti–Mo 
alloys exhibited better corrosion resistance than CP Ti and 
their corrosion resistance increased with increasing Mo con-
tent. According to Zhao et al [30], solution treated (at 1133 
K plus water quenching) β metastable Ti–12Mo–5Zr alloy 
exhibited good resistance to corrosion as compared to Ti–
6Al–4V alloy. The attributed the results to the formations of 
equiaxial β phase (the nobler phase) microstructure without 
precipitation of α” martensite phase (the less noble acicular 
phase) which prevents galvanic effect. Cvijovic´-Alagic´ et al. 
[22] investigated the corrosion behaviour of solution treated 
(in the β region i.e. heating in 900oC for 30 min followed by 
water quenching) and 25% cold rolled, martensitic Ti– 13Nb–
13Zr alloy and heat treated Ti–6Al–4V ELI alloy in martensitic 
phase and non martensitic phase with (α+β) by studying the 
microstructures in Ringer’s solution. They demonstrated that 
the alloys exhibited spontaneous passivity but martensitic 
Ti–13Nb–13Zr and martensitic Ti–6Al–4V ELI alloys showed 
improved corrosion resistance compared to (α+ β) Ti–6Al–4V 
ELI alloy mainly due to the formation of a hard martensitic 
microstructure.

Several efforts are directed towards refining the structure of 
medical Ti and its alloys by different methods. Thermome-
chanical processing is one such treatment which can be per-
formed by newer techniques (which was discovered in 1991) 
such as friction stir processing (FSP) and friction stir welding 
(FSW) [62]. During surface treatment by FSP ultra-fine grain 
microstructure is formed on a macro scale which leads to sub-
stantial changes in the size, spatial distribution, composition 
of α and β phases and improvement of various properties of 
medical titanium alloys [63,64]. To evaluate the effect of FSP 
created microstructures of the Ti alloys, Atapour et al. [65] 
investigated the corrosion behaviour of investment cast Ti-
6Al–4V. They studied the microstructure before and after FSP 
above and below the β transus in deaerated 5% HCl at room 
temperature. They found that the grain size, microstructural 
morphology and elemental partitioning are the main factors 
which controlled the corrosion behavior of the friction stir 
processed samples. They noticed that untreated base metal 
and both friction stir processed conditions (above and below 
the β transus) exhibited active–passive behaviour. Corrosion 
tests showed that samples processed below the β transus 
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exhibited shorter activation time at open circuit and higher 
corrosion rate than the base metal than the samples pro-
cessed above the β transus. Scanning electron microscopy 
performed by them revealed that for 50 h immersion in 20% 
HCl at 35oC the β phase was preferentially dissolved from 
the base metal, probably as a result of the higher V content 
relative to the α phase. Also, the transition zone of samples 
processed below β transus exhibited more attack than the 
samples processed above β transus. The researchers attrib-
uted this improvement in the corrosion resistance to large β 
volume fraction as well as coarsening of β phase. Moreover, 
samples from the stir zone which were processed below β 
transus exhibited much more severe attack compared to that 
of the samples processed above β transus which they con-
cluded to be due to a preferential attack on α phase. 

The importance of thermomechanical processing on the cor-
rosion resistance of biomedical Ti alloys has corroborated by 
Vasilescu et al. [28] on Ti–10Zr–5Ta–5Nb alloy in physiological 
fluids of different pH values. They thermomechanically pro-
cessed the alloys by plastic deformation (almost 90%) using 
rolling at 1000oC in 16 steps accompanied by an initial heat 
treatment (heating at 1000oC for 2 h followed by WQ) and fi-
nal heat treatment (heating at 1000oC for 1 h followed by FC). 
They reported that the alloy showed self-passivation, with a 
large passive potential range and low passive current densi-
ties, namely, a very good anticorrosive resistance in Ringer’s 
solution of acid, neutral and alkaline pH values. However, the 
best behavior was noticed in neutral Ringer’s solution. They 
also pointed out the importance of the thermomechanical 
treatment and its influence on corrosion behaviour as their 
results indicated an improvement of all electrochemical pa-
rameters and of the corrosion rates in comparison with the 
untreated alloy.

Among thermal treatments, laser process, such as laser metal 
deposition (LMD), selective laser melting (SLM) or laser re-
melting (LR) are being currently employed to achieve out-
standing properties. Recently, there is a great attention to LR 
treatments as this process provides many advantages such 
as high processing rates, limiting the risk of oxidation [66], 
refined microstructure, reduced microsegregation, extended 
solid solubility and ability to form metastable phases [67-68]. 
Amaya-Vazquez et al. [69] applied LR treatment with a high 
power diode laser, on two titanium alloys (TiG2 and Ti6Al4V). 
The results for TiG2 samples showed that the treatments 
did not alter the corrosion resistance significantly, probably 
because the alloy did not undergo phase transformations. 
On the contrary, during LR treatment of Ti6Al4V samples 
they observed two distinct patterns: (i) at high fluences (F 
between 10 and 30 kJ/cm2) only two zones were present (MZ 
and HAZ) and (ii) at low and medium fluencies (F between 0.5 
and 10 kJ/cm2), three zones are present (MZ, HAZ and BM). 
At high fluences, laminar α+β microstructure was formed in 
the MZ, while at low and medium fluencies the microstruc-
ture consisted of α’ martensite. Low fluences (F lower than 1 
kJ/cm2) led to very thin martensitic layers. The martensitic mi-
crostructure showed a significant increase in microhardness 
and an improved corrosion resistance as compared to the 
other microstructures.

CONCLUSIONS
The field of biomedical materials plays a significant role in 
manufacturing of a variety of biological artificial replace-
ments which are very common in the modern times. Among 
bioimplanable metals, titanium and its alloys offer the best 
corrosion resistance compared to other competing materi-
als such as Cr–Co, Ni–Ti, and SS316L alloys. Moreover, Tita-
nium and its alloys are the materials of choice in biomedical 
devices and components since long time, as these materi-
als posses superior properties and performance especially 
biocompatibility and corrosion behaviour. Despite its ever 
increasing application, the potential of titanium alloys still re-
mains under exploited in this vital field. Corrosion is the first 
and foremost consideration for a material of any kind that 
is to be used in the body due to the corrosive nature of the 
body fluid. Its effect is unavoidable causing release of metal 
ions which affect the health adversely. Corrosion can reduce 
the life span of implanted device and consequently may im-
pose revision surgery. In addition, the human life may be en-
dangered due to ill-effect of corrosion. The biocompatibility 
of Ti alloys is seriously affected by the as corrosion results in 
the release of undesirable ions from these materials. Even 
though Ti materials are characterized with spontaneously 
formation of protective uniform and adherent oxide film, 
their corrosion in simulated body fluid with releasing ions can 
cause serious health problems in bio-applications. Great ef-
forts have been performed to replace the toxic constituents 
and create new kinds of Ti alloys from biocompatible β stabi-
lizing elements such as Nb, Mo, Zr, Ta, etc. The literature re-
veals that serious attempts have been made from researchers 
towards understanding the technology by way of structure-
property co-relation to uncover the new facets of titanium 
and its unique characteristics that will improve function and 
lifetime of an implant in the human body. Thermal and ther-
momechanical treatments are important technniques which 
are used by researchers for designing and optimizing various 
properties of medical titanium materials including corrosion 
via control of alloy composition, varieties of phase fractions, 
their morphologies and precipitations in the microstructure. 
It is inferred from the literature, that up to this day, an ideal 
combination of corrosion properties is still a challenge as far 
as the application of Ti based materials is concerned in the 
biomedical field. Therefore, classified literature presented in 
this paper is expected to confer a road map for an interdisci-
plinary approach in the design and control of desirable corro-
sion properties of biomedical titanium materials. This is also 
expected to encourage researchers to continue performing 
focused studies in the entire gamut of corrosion behaviour 
of biomedical titanium alloys and its alleviation by different 
methods and techniques.

ACKNOWLEDGMENTS
Mohsin T. Mohammed would like to sincerely acknowledge 
the financial assistance provided by the Government of Iraq, 
Ministry of High Education and Scientific Research. He would 
also like to thank the Iraqi Cultural Office, New Delhi, India 
for supporting him during the period of his Ph.D program.



210  X INDIAN JOURNAL OF APPLIED RESEARCH

Volume : 3 | Issue : 9  | Sept 2013 | ISSN - 2249-555XRESEARCH PAPER

REFERENCE [1] Boretos, JW, Eden, M. (1984), Contemporary biomaterials, material and host response, clinical applications, new technology and legal 
aspects. Noyes Publications, Park Ridge. | [2] Williams DF (1981), Biocompatibility of clinical implant materials. CRC Press, Boca Raton. | 

[3] Luckey, HA., and Kubli, A. (1983), Titanium alloys in surgical implants. STP 796 (American Society for Testing and Materials, New York. | [4] Gonzalez, EG., and 
Mirza-Rosca, JC. (1999), J Electroanal Chem, 471, 109-115. | [5] Linder, L., Carlsson, A., Marsal, L., Bjursten, LM., and Branmartk, PI. (1988) , Journal of Bone and 
Joint Surgery 70,550–555. | [6] . Lo´pez, MF., Gulirrez, A., Jimnez, JA. (2001), Surf Sci.,482–485, 300–305. | [7] Urban, RM., Jacobs, JJ., Gilbert, JL., Galante, JO. 
(1994), Journal of Bone and Joint Surgery, 76A, 1345-1359. | [8] Laing, PG., Ferguson, AB., Hodge, ES. (1967), J. Biomed. Mater. Res., 1, 135–149. | [9] French, 
HG., Cook, SD., Haddad, RJ. (1984), J. Biomed. Mater. Res.18, 817–828. | [10] Alberktsson, T., Branemark, PI., Hansson, HA., Kasemo, B., Larsson, K., Lundstrom, 
I., McQeen, DH., Salak, R. (1983), Ann. Biomed. Eng., 11,1–27. | [11] Jacobs, JJ., Gilbrit, JL., Unban, RM. (1998), Journal of Bone and Joint Surgery, 80A, 268-282. 
| [12] Matthew Donachie, J. (2000), "Titanium a technical guide." ASM International, Materials Park, Ohio. | [13] Bania, PJ. (1993), in: Eylon D, Boyer RR, Koss DA 
(eds.), "Titanium alloys in the 1990’s."The Mineral, Metals & Materials Society, Warrendale, PA. | [14] Schutz, RW. (1993), in: D. Eylon, R.R. Boyer, D.A. Koss (eds.), 
"Beta titanium alloys in the 1990’s.", The Mineral, Metals & Materials Society, Warrendale, PA. | [15] Gordina, DM., Glorianta, T., Nemtoib, G. (2005), Materials Letters 
59, 2959-2964. | [16] Khan, MA., Williams, RL., Williams, DF. (1999), Biomaterials 20, 631-637. | [17] Wapner, KL. (1991), Clin. Orthop. Relat. Res., 271, 12-20. | [18] 
Tamilselvi, S., Raman, V., Rajendran, N. (2006), Electrochim. Acta, 52, 839-846. | [19] Okazaki, Y., Ito, Y., Tateishi, T., Ito, A .(1995), J 834 Jpn Inst Met 59, 108–115. | [20] 
Alessandra Cremasco, Wislei Os´orio R., C´elia MA., Freire, Amauri Garcia, Rubens Caram (2008), Electrochimica Acta, 53, 4867–4874. | [21] Rebecca McMahon E., Ji 
Ma., Stanislav Verkhoturov V., Dany Munoz-Pinto, Ibrahim Karaman, Felix Rubitschek, Hans Maier J., Mariah Hahn S. (2012), Acta Biomaterialia, 8, 2863–2870. | [22] 
Cvijovic´-Alagic´, Cvijovic´ Z., Mitrovic´ S., Panic´ V., Rakin M. (2011), Corrosion Science 53, 796–808. | [23] Majumdar, P., Singh, SB., Chatterjee, UK., Chakraborty, M. 
(2011), J Mater Sci: Mater Med, 22, 797–807. | [24] Rosalbino, F., Maccio,` D., Scavino, G., Saccone, A. (2012), J Mater Sci: Mater Med, 23, 865–871. | [25] Bai, Y., Li, SJ., 
Primab, F., Hao, YL., Yang, R, (2012), Applied Surface Science, 258, 4035– 4040. | [26] Han-Cheol CHOE, Viswanathan SAJI S, Yeong-Mu KO (2009), Trans. Nonferrous 
Met. Soc. China, 19, 862-865. | [27] Nageswara Rao1, GVS., Hanumantha Rao M., Appa Rao, BV., Sagar, PK. (2012), International Journal of Advanced Engineering 
Technology, 3, 217-222. | [28] Vasilescu E., Drob P, Raducanu, D., Cojocaru VD., Cinca, I., Iordachescu, D., Ion, R., Popa, M., Vasilescu, C. (2010), J Mater Sci: Mater 
Med, 21, 1959–1968. | [29] Ying-Long Zhoua, Dong-Mei Luo (2011), Journal of Alloys and Compounds, 509, 6267–6272. | [30] Changli Zhaoa, Xiaonong Zhanga, Peng 
Cao (2011), Journal of Alloys and Compounds, 509, 8235– 8238. | [31] Gabriel, SB., Panaino, JVP., Santos, ID., Araujo, LS., Mei, PR., Almeida, LH., Nunes, CA. (2012), 
Journal of Alloys and Compounds, 536S, S208– S210. | [32] Zhentao, YU., Zhou Lian (2006), Materials Science and Engineering A, 438–440, 391–394. | [33] Toshikazu 
Akahori, Mitsuo Niinomi, Hisao Fukui, and Akihiro Suzuki (2004), Materials Transactions, 45, 1540-1548. | [34] Ljerka Slokar, Tanja Matkovic´, Prosper Matkovic. (2012), 
Materials and Design, 33, 26–30. | [35] Olivera NTC., Guastaldi, AC. (2009), Acta Biomat., 5, 399–405. | [36] Karthega, M., Raman, V., Rajendran, N. (2007), Acta 
Biomat., 3, 1019–1023. | [37] Satendra Kumar, Sankara Narayanan, TSN. (2011), J. Appl. Electrochem., 41, 123–127. | [38] Oliveira, NTC., Guastaldi, AC. (2008), Corr. 
Sci., 50, 938–945. | [39] Lawrence, SK., Gertrude Shults, M. (1925), J Exp Med, 42, 565-591. | [40] Scales, JT., Winter, GD., Shirley, HT. (1959), J Bone Joint Surg 41B, 
810-820. | [41] Williams, DF. (1987), J Mater Sci, 22, 3421-3445. | [42] Tamilselvi, S., and Rajendra, N. (2006), Trends Biomater. Artif. Organs, 20, 49–52. | [43] Raman, 
V., Tamilselvi, S., Nanjundan, S., Rajendran, N. (2005), Trends Biomater. Artif. Organs, 18, 137–140. | [44] Dearnley, PA., Dahm, KL., Cimenoðlu, H. (2004), Wear, 256, 
469–479. | [45] Bundy, KJ. (1994), Crit Rev Biomed Eng, 22, 139-251. | [46] Preetha, A., Banerjee, R. (2005), Trends Biomater Artif Organs, 18, 178-186. | [47] Joshua, 
JJ., Gilbert, JL., Urban, RM. (1998), J Bone Joint Surg, 80, 268-282. | [48] Mohanty, M., Baby, S., Menon, KV. (2003), J Biomater Appl, 18, 109-121. | [49] Atkinson, JR., 
Jobbins, B. (1981), In: Dowson D, Wright V (eds), "Properties of engineering materials for use in body." Mechanical Engineering Publications, London. | [50] Chu, PK., 
Chen, JY., Wang, LP., Huang, N. (2002), Mater Sci Eng Rep, 36, 143-206. | [51] Okabe, Y., Kurihara, S., Yajima, T., Seki, Y., Nakamura, I., Takano, I. (2005), Surf Coat 
Technol 303, 196-202. | [52] Jones, DA. (1992), "Principles and prevention of corrosion." Macmillan Publishing Company, USA. | [53] Duerig, T., Pelton, A., St¨ockel, 
D. (1999), Materials Science and Engineering A, 273–275, 149–160. | [54] Helmus, MN., Tweden, K. (1995), In: Wise, DL., Trantolo, DJ., Altobelli, DE., Yaszemski, 
MJ., Gresser, JD., Schwartz, ER. (eds), "Materials selection." In Encyclopedic handbook of biomaterials and bioengineering, Part A: Materials, Marcel Dekker, New 
York. | [55] Gawkrodger, DJ. (1993), Contact Dermatitis, 28, 257–259.Hallab, N., Jacobs, JJ., Black, J. (2000), Biomaterials, 21, 1301-1314. | [56] Hallab, N., Jacobs, 
JJ., Black, J. (2000), Biomaterials, 21,1301-1314. | [57] Dull, L., Raymomd, L. (1969), J. Electrochem. Soc, 116, 332-339. | [58] Raja, VS., Angal, RD., Suresh, M. (1993), 
Corrosion, 49, 2-7. | [59] Geetha, M., Kamachi Mudali, U., Gogia, AK., Asokamani, R., Raj, Baldev. (2004), Corrosion Science, 46, 877–892. | [60] Yu, SY., Scully, JR. 
(1997), Corrosion, 53, 965-976. | [61] Yu, SY., Brodrick, CW., Ryan, MP., Scully, JR. (1999), J. Electrochemical Society, 146, 4429-4438. | [62] Thomas, WM., Nicholas, 
ED., Needham, JC., Murch, MG. Templesmith, P., Dawes, CJ. (1991), International patent application No.PCT/GB92/02203 and GB patent application No.9125978.8. | 
[63] Pilchak, AL., Li, ZT., Fisher, JJ., Reynolds, AP., Juhas, MC., Williams, JC. (2007), in: Mishra, RS., Mahoney, MW., Lienert, TJ., , KV. (eds.), Proceedings of Symposium 
on Friction Stir Welding and Processing IV. Orlando, FL. | [64] Pilchak, AL., Norfleet, DM., Juhas, MC., Williams, JC. (2006), Proceedings of Symposium on Materials 
Behavior – Far from Equilibrium. Bombay, India. | [65] Atapour, M., Pilchak, A., Frankel, GS., Williams, JC. (2010), Corrosion Science, 52, 3062–3069. | [66] Akman, E., 
Demi,r A., Canel, T., Sınmazcelik, T. (2009), J. Mater. Process. Technol., 209, 3705–3713. | [67] Osorio, WR., Cheung, N., Spinelli, JE., Cruz, KS., Garcia, A. (2008), Appl. 
Surf. Sci., 254, 2763–2770. | [68] Osorio, WR., Cheung, N., Peixoto, LC., Garcia, A. (2009), Int. J. Electrochem., 4, 820–831. | [69] Amaya-Vazquez, MR., Sanchez-Amaya, 
JM., Boukha, Z., Botana, FJ. (2012), Corrosion Science, 56, 36–48. | 


